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1
SYSTEMS AND METHODS FOR FLEXIBLE
VARIABLE CODE RATE SUPPORT

FIELD OF THE INVENTION

Embodiments are related to systems and methods for data
processing, and more particularly to systems and methods for
data encoding and decoding.

BACKGROUND

Various storage access systems have been developed that
support multiple code rates. Such multiple code rates include
wiring variable check units to check processing units. Where
non-layered decoding has been used, the aforementioned wir-
ing required to support variable code rates is often impracti-
cal. This is especially true where a large parity check matrix
is utilized. In some cases, non-layered decoding is desirable,
but not practical.

Hence, for at least the aforementioned reasons, there exists
a need in the art for advanced systems and methods for data
encoding and decoding.

SUMMARY

Embodiments are related to systems and methods for data
processing, and more particularly to systems and methods for
data encoding and decoding.

Various embodiments of the present invention provide data
processing systems having a data decoder circuit. The data
decoder circuit includes: a first comparator circuit, a second
comparator circuit, a first set of row storage units, a second set
of row storage units, a first routing circuit, and a second
routing unit. The first set of row storage units includes at least
three row storage units, and the second set of row storage
units includes at least three row storage units. The first routing
circuit is operable to route any one of the outputs of only the
first set of row storage units to the first comparator circuit, and
the second routing circuit is operable to route any one of the
outputs of only the second set of row storage units to the
second comparator circuit.

This summary provides only a general outline of some
embodiments of the invention. The phrases “in one embodi-
ment,” “according to one embodiment,” “in various embodi-
ments”, “in one or more embodiments”, “in particular
embodiments” and the like generally mean the particular
feature, structure, or characteristic following the phrase is
included in at least one embodiment of the present invention,
and may be included in more than one embodiment of the
present invention. Importantly, such phrases do not necessar-
ily refer to the same embodiment. Many other embodiments
of the invention will become more fully apparent from the
following detailed description, the appended claims and the
accompanying drawings.

BRIEF DESCRIPTION OF THE FIGURES

A further understanding of the various embodiments of the
present invention may be realized by reference to the figures
which are described in remaining portions of the specifica-
tion. In the figures, like reference numerals are used through-
out several figures to refer to similar components. In some
instances, a sub-label consisting of a lower case letter is
associated with a reference numeral to denote one of multiple
similar components. When reference is made to a reference
numeral without specification to an existing sub-label, it is
intended to refer to all such multiple similar components.
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FIG. 1a shows a storage system including a read channel
utilizing flexible variable code rate support circuitry in accor-
dance with some embodiments of the present invention;

FIG. 15 shows one implementation of the read channel of
FIG. 1 including a low density parity check data decoding
circuit having flexible variable code rate support circuitry in
accordance with various embodiments of the present inven-
tion;

FIG. 2a shows an example of a twelve row H-matrix with
a column weight of three;

FIG. 2b shows a circuit portion showing an example of
wiring required to implement a variable code rate supporting
the twelve row H-matrix of FIG. 2a;

FIG. 3a shows a constrained twelve row H-matrix with a
column weight of three without section overlap in accordance
with various embodiments of the present invention;

FIG. 3b shows a flexible variable code rate support circuit
in accordance with one or more embodiments of the present
invention able to implement a variable code rate supporting
the twelve row H-matrix of FIG. 3a;

FIG. 4a shows a constrained twelve row H-matrix with a
column weight of three and exhibiting section overlap in
accordance with various embodiments of the present inven-
tion;

FIG. 4b shows a flexible variable code rate support circuit
in accordance with one or more embodiments of the present
invention able to implement a variable code rate supporting
the twelve row H-matrix of FIG. 4a;

FIG. 5 is the example of a twelve row H-matrix of FIG. 2a
modified to show non-compliant columns that must be con-
strained to support processing by the flexible variable code
rate support circuit of FIG. 35;

FIG. 6a is an example of a non-overlapping constraint that
may be used to support a particular variable code rate in
accordance with one embodiment of the present invention;
and

FIG. 65 is an example of an overlapping constraint that
may be used to support the same variable code rate of FIG. 6a
in accordance with another embodiment of the present inven-
tion.

DETAILED DESCRIPTION OF SOME
EMBODIMENTS

Embodiments are related to systems and methods for data
processing, and more particularly to systems and methods for
data encoding and decoding.

Some embodiments of the present invention exploit a con-
straint to the H matrix structure, such that the check units
within a data decoder circuit only need to be connected to a
subset of the checks, and thus routing is simplified. Using this
architecture, variable code rates can be supported. In some
cases, overlapping between check layers is used to allow for
more flexible distribution of row weights. Such overlapping
controllably increases routing complexity when compared to
non-constrained H-matrices.

Various embodiments of the present invention provide data
processing systems having a data decoder circuit. The data
decoder circuit includes: a first comparator circuit, a second
comparator circuit, a first set of row storage units, a second set
of row storage units, a first routing circuit, and a second
routing unit. The first set of row storage units includes at least
two row storage units, and the second set of row storage units
includes at least two row storage units. The first routing
circuit is operable to route any one of the outputs of only the
first set of row storage units to the first comparator circuit, and
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the second routing circuit is operable to route any one of the
outputs of only the second set of row storage units to the
second comparator circuit.

In some instances of the aforementioned embodiments, the
data decoder circuit further includes: a third routing circuit
operable to route an output of the first comparator circuit to
only a subset of the first set of row storage units, and a fourth
routing circuit operable to route an output of the second
comparator circuit to only a subset of the second set of row
storage units. In one or more instances of the aforementioned
embodiments, the data decoder circuit implements a low den-
sity parity check decoding algorithm.

In various instances of the aforementioned embodiments,
the data decoding circuit complies with a constrained H-ma-
trix having at least a first section and a second section. The
first section is processed by the first comparator circuit, and
the second section is processed by the second comparator
circuit. In some cases, at most one non-zero location is
allowed per each column of the H-matrix in the first section,
and at most one non-zero location is allowed per each column
of the H-matrix in the second section. In some such cases, the
H-matrix includes an overlap where at least one and less than
all of the row storage units of the at least three row storage
units in the first set of row storage units is also included in the
second set of row storage units. In one particular case, the
overlap allows for increased row weight distribution in the
H-matrix.

In some instances of the aforementioned embodiments,
none of the at least three row storage units in the first set of
row storage units is included in the second set of row storage
units. In one or more instances of the aforementioned
embodiments, the first comparator circuit is operable to com-
pare an output of one of the first set of row storage units routed
by the first routing circuit with a received variable node to
check node message; and the second comparator circuit is
operable to compare an output of one of the second set of row
storage units routed by the second routing circuit with the
received variable node to check node message. In some cases,
the system is implemented as part of an integrated circuit. In
various cases, the system is implemented as part of a storage
device. The storage devices include: a storage medium, and a
read/write head assembly disposed in relation to the storage
medium. In such cases, the data processed by the data decoder
circuit is derived by sensing information stored on the storage
medium using the read/write head assembly.

Other embodiments of the present invention provide meth-
ods for data decoding. The methods include: receiving an
encoded data set, wherein the encoded data set conforms to a
constrained H-matrix; providing a data decoder circuit
including a first comparator circuit, a second comparator
circuit, a first set of row storage units, a second set of row
storage units, a first routing circuit, and a second routing unit,
wherein the first set of row storage units includes at least three
row storage units, where the second set of row storage units
includes at least three row storage units, wherein the first
routing circuit is operable to route any one of the outputs of
only the first set of row storage units to the first comparator
circuit. The second routing circuit is operable to route any one
of'the outputs of only the second set of row storage units to the
second comparator circuit. The method further includes
applying a data decoding algorithm by the data decoder cir-
cuit to the encoded data set to yield a decoded output.

In various instances of the aforementioned embodiments,
the data decoder circuit further includes: a third routing cir-
cuit operable to route an output of the first comparator circuit
to only a subset of the first set of row storage units; and a
fourth routing circuit operable to route an output of the second
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comparator circuit to only a subset of the second set of row
storage units. in some instances of the aforementioned
embodiments, the constrained H-matrix has at least a first
section and a second section, the first section is processed by
the first comparator circuit, and the second section is pro-
cessed by the second comparator circuit. In some cases, at
most one non-zero location is allowed per each column of the
H-matrix in the first section, and at most one non-zero loca-
tion is allowed per each column of the H-matrix in the second
section. In particular cases, the H-matrix includes an overlap
where at least one and less than all of the row storage units of
the at least three row storage units in the first set of row storage
units is also included in the second set of row storage units. In
one particular case, the overlap allows for increased row
weight distribution in the H-matrix.

In some instances of the aforementioned embodiments,
none of the at least three row storage units in the first set of
row storage units is included in the second set of row storage
units. In one or more cases, the first comparator circuit is
operable to compare an output of one of the first set of row
storage units routed by the first routing circuit with a received
variable node to check node message; and the second com-
parator circuit is operable to compare an output of one of the
second set of row storage units routed by the second routing
circuit with the received variable node to check node mes-
sage.

Turning to FIG. 1a, a storage system 100 including a read
channel circuit 110 utilizing flexible variable code rate sup-
port circuitry in accordance with some embodiments of the
present invention. Storage system 100 may be, for example, a
hard disk drive. Storage system 100 also includes a pream-
plifier 170, an interface controller 120, a hard disk controller
166, a motor controller 168, a spindle motor 172, a disk
platter 178, and a read/write head 176. Interface controller
120 controls addressing and timing of data to/from disk plat-
ter 178. The data on disk platter 178 consists of groups of
magnetic signals that may be detected by read/write head
assembly 176 when the assembly is properly locationed over
disk platter 178. In one embodiment, disk platter 178 includes
magnetic signals recorded in accordance with either a longi-
tudinal or a perpendicular recording scheme.

Inatypical read operation, read/write head assembly 176 is
accurately locationed by motor controller 168 over a desired
data track on disk platter 178. Motor controller 168 both
locations read/write head assembly 176 in relation to disk
platter 178 and drives spindle motor 172 by moving read/
write head assembly to the proper data track on disk platter
178 under the direction of hard disk controller 166. Spindle
motor 172 spins disk platter 178 at a determined spin rate
(RPMs). Once read/write head assembly 176 is locationed
adjacent the proper data track, magnetic signals representing
data on disk platter 178 are sensed by read/write head assem-
bly 176 as disk platter 178 is rotated by spindle motor 172.
The sensed magnetic signals are provided as a continuous,
minute analog signal representative of the magnetic data on
disk platter 178. This minute analog signal is transferred from
read/write head assembly 176 to read channel circuit 110 via
preamplifier 170. Preamplifier 170 is operable to amplify the
minute analog signals accessed from disk platter 178. In turn,
read channel circuit 110 decodes and digitizes the received
analog signal to recreate the information originally written to
disk platter 178. This data is provided as read data 103 to a
receiving circuit. A write operation is substantially the oppo-
site of the preceding read operation with write data 101 being
provided to read channel circuit 110. This data is then
encoded and written to disk platter 178.
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Turning to FIG. 15, one implementation (i.e., data process-
ing system 900) of read channel circuit 110 of FIG. 14 includ-
ing a low density parity check data decoding circuit 970
having flexible variable code rate support circuitry is shown
in accordance with various embodiments of the present inven-
tion. Data processing system 900 includes an analog front end
circuit 910 that receives an analog signal 905. Analog front
end circuit 910 processes analog signal 905 and provides a
processed analog signal 912 to an analog to digital converter
circuit 914. Analog front end circuit 910 may include, but is
not limited to, an analog filter and an amplifier circuit as are
known in the art. Based upon the disclosure provided herein,
one of ordinary skill in the art will recognize a variety of
circuitry that may be included as part of analog front end
circuit 910. In some cases, analog signal 905 is derived from
a read/write head assembly (not shown) that is disposed in
relation to a storage medium (not shown). In other cases,
analog signal 905 is derived from a receiver circuit (not
shown) thatis operable to receive a signal from a transmission
medium (not shown). The transmission medium may be
wired or wireless. Based upon the disclosure provided herein,
one of ordinary skill in the art will recognize a variety of
source from which analog input 905 may be derived.

Analog to digital converter circuit 914 converts processed
analog signal 912 into a corresponding series of digital
samples 916. Analog to digital converter circuit 914 may be
any circuit known in the art that is capable of producing
digital samples corresponding to an analog input signal.
Based upon the disclosure provided herein, one of ordinary
skill in the art will recognize a variety of analog to digital
converter circuits that may be used in relation to different
embodiments of the present invention. Digital samples 916
are provided to an equalizer circuit 920. Equalizer circuit 920
applies an equalization algorithm to digital samples 916 to
yield an equalized output 925. In some embodiments of the
present invention, equalizer circuit 920 is a digital finite
impulse response filter circuit as are known in the art. It may
be possible that equalized output 925 may be received
directly from a storage device in, for example, a solid state
storage system. In such cases, analog front end circuit 910,
analog to digital converter circuit 914 and equalizer circuit
920 may be eliminated where the data is received as a digital
data input. Equalized output 925 is stored to an input buffer
953 that includes sufficient memory to maintain a number of
codewords until processing of that codeword is completed
through a data detector circuit 930 and low density parity
check (LDPC) decoding circuit 970 including, where war-
ranted, multiple global iterations (passes through both data
detector circuit 930 and LDPC decoding circuit 970) and/or
local iterations (passes through LDPC decoding circuit 970
during a given global iteration). An output 957 is provided to
data detector circuit 930.

Data detector circuit 930 may be a single data detector
circuit or may be two or more data detector circuits operating
in parallel on different codewords. Whether it is a single data
detector circuit or anumber of data detector circuits operating
in parallel, data detector circuit 930 is operable to apply a data
detection algorithm to a received codeword or data set. In
some embodiments of the present invention, data detector
circuit 930 is a Viterbi algorithm data detector circuit as are
known in the art. In other embodiments of the present inven-
tion, data detector circuit 930 is a maximum a posteriori data
detector circuit as are known in the art. Of note, the general
phrases “Viterbi data detection algorithm” or “Viterbi algo-
rithm data detector circuit” are used in their broadest sense to
mean any Viterbi detection algorithm or Viterbi algorithm
detector circuit or variations thereof including, but not limited
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to, bi-direction Viterbi detection algorithm or bi-direction
Viterbi algorithm detector circuit. Also, the general phrases
“maximum a posteriori data detection algorithm” or “maxi-
mum a posteriori data detector circuit” are used in their broad-
est sense to mean any maximum a posteriori detection algo-
rithm or detector circuit or variations thereof including, but
not limited to, simplified maximum a posteriori data detection
algorithm and a max-log maximum a posteriori data detection
algorithm, or corresponding detector circuits. Based upon the
disclosure provided herein, one of ordinary skill in the art will
recognize a variety of data detector circuits that may be used
in relation to different embodiments of the present invention.
In some cases, one data detector circuit included in data
detector circuit 930 is used to apply the data detection algo-
rithm to the received codeword for a first global iteration
applied to the received codeword, and another data detector
circuit included in data detector circuit 930 is operable apply
the data detection algorithm to the received codeword guided
by a decoded output accessed from a central memory circuit
950 on subsequent global iterations.

Upon completion of application of the data detection algo-
rithm to the received codeword on the first global iteration,
data detector circuit 930 provides a detector output 933.
Detector output 933 includes soft data. As used herein, the
phrase “soft data” is used in its broadest sense to mean reli-
ability data with each instance of the reliability data indicat-
ing a likelihood that a corresponding bit location or group of
bit locations has been correctly detected. In some embodi-
ments of the present invention, the soft data or reliability data
is log likelihood ratio data as is known in the art. Detector
output 933 is provided to a local interleaver circuit 942. Local
interleaver circuit 942 is operable to shuftle sub-portions (i.e.,
local chunks) of the data set included as detected output and
provides an interleaved codeword 946 that is stored to central
memory circuit 950. Local interleaver circuit 942 may be any
circuit known in the art that is capable of shuffling data sets to
yield a re-arranged data set. Interleaved codeword 946 is
stored to central memory circuit 950.

Once LDPC decoding circuit 970 is available, a previously
stored interleaved codeword 946 is accessed from central
memory circuit 950 as a stored codeword 986 and globally
interleaved by a global interleaver/de-interleaver circuit 984.
Global interleaver/de-interleaver circuit 984 may be any cir-
cuit known in the art that is capable of globally rearranging
codewords. Global interleaver/De-interleaver circuit 984 pro-
vides a decoder input 952 into LDPC decoding circuit 970.
LDPC decoding circuit 970 applies one or more iterations or
a layered data decoding algorithm to decoder input 952 to
yield a decoded output 971. In cases where another local
iteration (i.e., another pass through LDPC decoding circuit
970) is desired (i.e., decoding failed to converge and more
local iterations are allowed), LDPC decoding circuit 970
re-applies the layered data decoding algorithm to decoder
input 952 guided by decoded output 971. This continues until
either a maximum number of local iterations is exceeded or
decoded output 971 converges (i.e., completion of standard
processing).

Low density parity check data decoding circuit 970
includes flexible variable code rate support circuitry. Such
flexible variable code rate support circuitry provides for con-
strained distribution of minl/min2 comparison by providing
a number of minl/min2 comparators circuits corresponding
to the maximum column weight of the codes to be processed
by low density parity check data decoding circuit 970. The
codes to be processed by low density parity check data decod-
ing circuit 970 are segregated into a number of bands equiva-
lent to the maximum column weight of the codes, and the
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non-zero locations in the codes are distributed across the
bands with at most one non-zero value in each of the bands. In
some cases, the bands overlap. As used herein, the term “con-
strained distribution” is used in its broadest sense to mean any
constraint where at least one non-zero value in a column of
the code can only be distributed to less than any of the min1/
min2 comparator circuits.

Where decoded output 971 fails to converge (i.e., fails to
yield the originally written data set) and a number of local
iterations through LDPC decoding circuit 970 exceeds a
threshold, but an allowable number of global iterations is not
yet exceeded, the resulting decoded output is provided as a
decoded output 954 back to central memory circuit 950 where
it is stored awaiting another global iteration through a data
detector circuit included in data detector circuit 930. Prior to
storage of decoded output 954 to central memory circuit 950,
decoded output 954 is globally de-interleaved to yield a glo-
bally de-interleaved output 988 that is stored to central
memory circuit 950. The global de-interleaving reverses the
global interleaving earlier applied to stored codeword 986 to
yield decoder input 952. When a data detector circuit
included in data detector circuit 930 becomes available, a
previously stored de-interleaved output 988 is accessed from
central memory circuit 950 and locally de-interleaved by a
de-interleaver circuit 944. De-interleaver circuit 944 re-ar-
ranges decoder output 948 to reverse the shuffling originally
performed by interleaver circuit 942. A resulting de-inter-
leaved output 997 is provided to data detector circuit 930
where it is used to guide subsequent detection of a corre-
sponding data set previously received as equalized output
925.

Alternatively, where the decoded output converges (i.e.,
yields the originally written data set), the resulting decoded
output is provided as an output codeword 972 to a de-inter-
leaver circuit 980 that rearranges the data to reverse both the
global and local interleaving applied to the data to yield a
de-interleaved output 982. De-interleaved output 982 is pro-
vided to a hard decision buffer circuit 928 buffers de-inter-
leaved output 982 as it is transferred to the requesting host as
a hard decision output 929.

As yet another alternative, where decoded output 971 fails
to converge (i.e., fails to yield the originally written data set),
a number of local iterations through LDPC decoding circuit
970 exceeds a threshold, and a number of global iterations
through data detector circuit 930 and LDPC data decoding
circuit 970 exceeds a threshold, the result of the last pass
through LDPC decoding circuit 970 is provided as a decoded
output along with an error indicator (not shown).

Turning to FIG. 24, an example of a twelve row H-matrix
200 with a column weight of three is shown. As shown, twelve
row H-matrix 200 includes twelve rows (i.e., rows 232, 234,
236, 238, 242, 244, 246, 248, 252, 254, 256, 258) and a
number of columns (i.e., columns 202, 204, 206, 208, 212,
214, 216, 218, 222, 224, 226, 228). As twelve row H-matrix
200 exhibits a column weight of three, each of columns 202,
204,206,208,212,214,216,218,222,224,226, 228 includes
at most three non-zero (“NZ”) values with the other locations
being occupied by zeros (“Z”). In some cases, the non-zero
values are non-zero circulants, and the zero values are zero
circulants. Twelve row H-matrix 200 is “non-constrained” as
the non-zero locations, while being limited to three per col-
umn, can occur in any row of a given column. Because twelve
row H-matrix 200 is non-constrained as that term is used
herein, with exception of row 232 and row 258, all other rows
must be connected to at least two minl/min2 comparator
circuits. Such routing may be impractical, especially where
the number of rows increases. It should be noted that twelve
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row H-matrix 200 is an example, and that other example
H-matrices may have higher or lower column weights and
more or fewer than twelve rows.

Turning to FIG. 25, a circuit portion 201 shows an example
of wiring required to implement a variable code rate support-
ing twelve row H-matrix 200. As shown, because twelve row
H-matrix 200 has a column weight of three, circuit portion
201 includes three minl/min2 comparator circuits (i.e., a
minl/min2 comparator circuit 241, a minl/min2 comparator
circuit 243, and a minl/min2 comparator circuit 245). A
variable node to check node soft data generator circuit (V2C
LLR) 271 provides a soft data message 273 to each of minl/
min2 comparator circuit 241, minl/min2 comparator circuit
243, and minl/min2 comparator circuit 245. Minl/min2
comparator circuit 241 compares a routed minl/min2 value
from a routing matrix 251 (in some cases, routing matrix 251
is a multiplexer circuit as are known in the art) to yield an
updated min1/min2 value 257; minl/min2 comparator circuit
243 compares a routed minl/min2 value from a routing
matrix 253 (in some cases, routing matrix 253 is a multiplexer
circuit as are known in the art) to yield an updated minl/min2
value 259; and min1/min2 comparator circuit 245 compares a
routed minl/min2 value from a routing matrix 255 (in some
cases, routing matrix 255 is a multiplexer circuit as are known
in the art) to yield an updated minl/min2 value 267.

Minl/min2 value 257 is provided to a routing matrix 261
(in some cases, routing matrix 261 is a de-multiplexer circuit
as are known in the art); minl/min2 value 259 is provided to
a routing matrix 263 (in some cases, routing matrix 263 is a
de-multiplexer circuit as are known in the art); and minl/
min2 value 267 is provided to a routing matrix 261 (in some
cases, routing matrix 265 is a de-multiplexer circuit as are
known in the art). Routing matrix 261 distributes minl/min2
value 257 to any of eleven of twelve row storage units (i.e., a
minl/min2 211, a minl/min2 213, a min1/min2 215, a min1/
min2 217, a minl/min2 219, a minl/min2 221, a min1/min2
223, a minl/min2 225, a minl/min2 227, a minl/min2 229,
and a minl/min2 231) corresponding to respective rows of
twelve row H-matrix 200. Routing matrix 263 distributes
minl/min2 value 259 to any of ten of twelve row storage units
(i.e., minl/min2 213, min1/min2 215, min1/min2 217, min1/
min2 219, minl/min2 221, minl/min2 223, minl/min2 225,
minl/min2 227, minl/min2 229, and minl/min2 231) corre-
sponding to respective rows of twelve row H-matrix 200
depending upon the location of zero within a column being
processed. Routing matrix 265 distributes minl/min2 value
267 to any of eleven of twelve row storage units (i.e., minl/
min2 213, minl/min2 215, minl/min2 217, minl/min2 219,
minl/min2 221, minl/min2 223, minl/min2 225, minl/min2
227, minl/min2 229, min1l/min2 231, and a min1/min2 233)
corresponding to respective rows of twelve row H-matrix
200. Such routing allows for decoding the non-constrained
twelve row H-matrix 200 of FIG. 2a. As is shown, such
routing is complex, and may be impractical.

The output of min1/min2 211 is provided to routing matrix
251. The output of minl/min2 213 is provided to routing
matrix 251 and routing matrix 253. The output of minl/min2
215 is provided to routing matrix 251, routing matrix 253 and
routing matrix 255. The output of min1/min2 217 is provided
to routing matrix 251, routing matrix 253 and routing matrix
255. The output of minl/min2 219 is provided to routing
matrix 251, routing matrix 253 and routing matrix 255. The
output of minl/min2 221 is provided to routing matrix 251,
routing matrix 253 and routing matrix 255. The output of
minl/min2 223 is provided to routing matrix 251, routing
matrix 253 and routing matrix 255. The output of minl/min2
225 is provided to routing matrix 251, routing matrix 253 and
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routing matrix 255. The output of min1/min2 227 is provided
to routing matrix 251, routing matrix 253 and routing matrix
255. The output of minl/min2 229 is provided to routing
matrix 251, routing matrix 253 and routing matrix 255. The
output of minl/min2 231 is provided to routing matrix 255.
Such routing allows for routing the respective minl/min2
values to minl/min2 comparator circuits 241, 243, 245
depending upon twelve row H-matrix 200 of FIG. 2a. As is
shown, such routing is complex, and may be impractical.

Turning to FIG. 3a, a constrained twelve row H-matrix 300
having a column weight of three and without section overlap
is shown in accordance with various embodiments of the
present invention. As shown, twelve row H-matrix 300
includes twelve rows (i.e., rows 332, 334, 336, 338, 342, 344,
346, 348, 352, 354, 356, 358) and a number of columns (i.e.,
columns 302, 304, 306, 308, 312, 314, 316, 318, 322, 324,
326, 328). As twelve row H-matrix 300 exhibits a column
weight of three, each of columns 302, 304, 306, 308, 312,
314, 316, 318, 322, 324, 326, 328 includes at most three
non-zero (“NZ”) values with the other locations being occu-
pied by zeros (“Z”). Twelve row H-matrix 300 is “con-
strained” as the non-zero locations, while being limited to
three per column, additionally are limited to occurring such
that at most there is one non-zero location within each column
passing through the three sections 382, 384, 386 or bands.
Each of the three sections 382, 384, 386 corresponds to a
respective minl/min2 comparator circuit within a data decod-
ing circuit used to process the codeword conforming to
twelve row H-matrix 300. By limiting the occurrence of non-
zero locations within each of sections 382, 384, 386, variable
rate coding is still supportable but without the complex rout-
ing required in the non-constrained example of FIG. 2a. It
should be noted that twelve row H-matrix 300 is one embodi-
ment, and that other example H-matrices may have higher or
lower column weights, more or fewer than twelve rows, and/
or more or fewer than three sections. Using fewer sections
constrained to one non-zero location per column in each
section would utilize fewer minl/min2 comparator circuits.
Correspondingly, using more sections constrained to one
non-zero location per column in each section would utilize
more minl/min2 comparator circuits.

Turning to FIG. 34, a flexible variable code rate support
circuit 301 is shown in accordance with one or more embodi-
ments of the present invention able to implement a variable
code rate supporting the twelve row H-matrix of FIG. 3a. As
shown, because twelve row H-matrix 300 has a column
weight of three (an correspondingly three sections 382, 384,
386), flexible variable code rate support circuit 301 includes
three minl/min2 comparator circuits (i.e., a minl/min2 com-
parator circuit 341, a minl/min2 comparator circuit 343, and
a minl/min2 comparator circuit 345). Again, where a differ-
ent column weight is used, a difterent number of minl/min2
comparator circuits would be used.

A variable node to check node soft data generator circuit
(V2C LLR) 371 provides a soft data message 373 to each of
minl/min2 comparator circuit 341, minl/min2 comparator
circuit 343, and minl/min2 comparator circuit 345. Minl/
min2 comparator circuit 341 compares a routed minl/min2
value from a routing matrix 351 (in some cases, routing
matrix 351 is a multiplexer circuit as are known in the art) to
yield an updated minl/min2 value 357; minl/min2 compara-
tor circuit 343 compares a routed minl/min2 value from a
routing matrix 353 (in some cases, routing matrix 353 is a
multiplexer circuit as are known in the art) to yield an updated
minl/min2 value 359; and min1/min2 comparator circuit 345
compares a routed minl/min2 value from a routing matrix
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355 (in some cases, routing matrix 355 is a multiplexer circuit
as are known in the art) to yield an updated min1l/min2 value
367.

Minl/min2 value 357 is provided to a routing matrix 361
(in some cases, routing matrix 361 is a de-multiplexer circuit
as are known in the art); minl/min2 value 359 is provided to
a routing matrix 363 (in some cases, routing matrix 363 is a
de-multiplexer circuit as are known in the art); and minl/
min2 value 367 is provided to a routing matrix 365 (in some
cases, routing matrix 365 is a de-multiplexer circuit as are
known in the art). Routing matrix 361 distributes minl/min2
value 357 to a subset of row storage units (i.e., a minl/min2
311, aminl/min2 313, aminl/min2 315, or amin1l/min2 317)
corresponding to respective rows of twelve row H-matrix 300
included within section 382. Said another way, by only allow-
ing one non-zero location per column within section 382,
routing matrix 361 is only required to provide for selectable
routing of minl/min2 value 357 to one of the four row storage
units corresponding to section 382. Similarly, routing matrix
363 distributes minl/min2 value 359 to a subset of row stor-
age units (i.e., a minl/min2 319, a minl/min2 321, a minl/
min2 323, or a minl/min2 325) corresponding to respective
rows of twelve row H-matrix 300 included within section
384. Said another way, by only allowing one non-zero loca-
tion per column within section 384, routing matrix 363 is only
required to provide for selectable routing of min1/min2 value
359 to one of the four row storage units corresponding to
section 382. Similarly, routing matrix 365 distributes minl/
min2 value 367 to a subset of row storage units (i.e., a minl/
min2 327, a minl/min2 329, a minl/min2 331, or a minl/
min2 333) corresponding to respective rows of twelve row
H-matrix 300 included within section 386. Said another way,
by only allowing one non-zero location per column within
section 386, routing matrix 365 is only required to provide for
selectable routing of minl/min2 value 367 to one of the four
row storage units corresponding to section 386.

The outputs from minl/min2 311, minl/min2 313, minl/
min2 315, and minl/min2 317 are only provided to routing
matrix 351 supporting section 382. The outputs from minl/
min2 319, minl/min2 321, minl/min2 323, and minl/min2
325 are only provided to routing matrix 353 supporting sec-
tion 384. The outputs from minl/min2 327, minl/min2 329,
minl/min2 331, and minl/min2 333 are only provided to
routing matrix 355 supporting section 386. Such routing
allows for routing the respective minl/min2 values to minl/
min2 comparator circuits 341, 343, 345 depending upon the
zero locations in twelve row H-matrix 300 of FIG. 34. As is
shown, such routing is greatly simplified compared to the
support required for the non-constrained H-matrix of FIG. 2a.

It should be noted that in any column where there are fewer
non-zero locations than that allowed by the column weight
(e.g., there are only two non-zero locations in a code having a
column weight of three), one or more of sections 382, 384,
386 will not have a non-zero location for that particular col-
umn. In such a circumstance, the corresponding minl/min2
comparator circuit 341, 343, 345 for the particular section is
not used (i.e., operation or computation is not performed by
that circuit for the particular column).

Turing to FIG. 5, the example twelve row H-matrix 200 is
shown again as a marked up matrix 400. Marked up matrix
400 is identical to twelve row H-matrix 200 except that col-
umns that do not comply with the constraint required by
flexible variable code rate support circuit 301 are cross-
hatched. In particular, columns 202, 206, 208, 212, 218, 222,
224 and 228 are non-compliant. Using column 202 as an
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example, two non-zero locations (row 252, row 254) occur
within the same section (i.e., section 386) and therefore do not
meet the constraint.

Turning to FIG. 4a, a constrained twelve row H-matrix 400
having a column weight of three and exhibiting section over-
lap is shown in accordance with various embodiments of the
present invention. As shown, twelve row H-matrix 400
includes twelve rows (i.e., rows 432, 434,436, 438, 442, 444,
446, 448, 452, 454, 456, 458) and a number of columns (i.e.,
columns 402, 404, 406, 408, 412, 414, 416, 418, 422, 424,
426, 428). As twelve row H-matrix 400 exhibits a column
weight of three, each of columns 402, 404, 406, 408, 412,
414, 416, 418, 422, 424, 426, 428 includes at most three
non-zero (“NZ”) values with the other locations being occu-
pied by zeros (“Z”). Twelve row H-matrix 400 is “con-
strained” as the non-zero locations, while being limited to
three per column, additionally are limited to occurring such
that at most there is one non-zero location within each column
passing through the three sections 482, 484, 486 or bands
where sections 482, 484 are allowed to overlap. Thus, where
column 406 having two non-zero locations (i.e., at rows 436,
438) within section 482 would not be supported by flexible
variable code rate support circuit 301 of FIG. 35, it is sup-
ported by a flexible variable code rate support circuit 401 of
FIG. 45 where an overlap 492 is defined. In this case, overlap
492 allows row 438 to be processed either as part of section
482 or section 484, and allows row 442 to be processed either
as part of section 482 or section 484. This overlap allows for
more flexibility in developing a compliant code, but still
provides sufficient constraint to allow for practical routing of
a data decoding circuit.

Each of the three sections 482, 484, 486 corresponds to a
respective minl/min2 comparator circuit within a data decod-
ing circuit used to process the codeword conforming to
twelve row H-matrix 400. By limiting the occurrence of non-
zero locations within each of sections 482, 484, 486, variable
rate coding is still supportable but without the complex rout-
ing required in the non-constrained example of FIG. 2a. It
should be noted that twelve row H-matrix 400 is one embodi-
ment, and that other example H-matrices may have higher or
lower column weights, more or fewer than twelve rows, and/
or more or fewer than three sections. Using fewer sections
constrained to one non-zero location per column in each
section would utilize fewer minl/min2 comparator circuits.
Correspondingly, using more sections constrained to one
non-zero location per column in each section would utilize
more minl/min2 comparator circuits. Further, more overlaps
may be defined. For example, overlap 492 may be extended to
incorporate more rows of either or both of section 482 and
section 484. As another example, another overlap may be
defined between section 484 and section 486. The tradeoff of
such overlaps being an increase in routing complexity and a
corresponding increase in code flexibility as the amount of
overlap is increased.

Turning to FIG. 44, a flexible variable code rate support
circuit 401 is shown in accordance with one or more embodi-
ments of the present invention able to implement a variable
code rate supporting the twelve row H-matrix of FIG. 4a. As
shown, because twelve row H-matrix 400 has a column
weight of three (an correspondingly three sections 482, 484,
486), flexible variable code rate support circuit 401 includes
three minl/min2 comparator circuits (i.e., a minl/min2 com-
parator circuit 441, a minl/min2 comparator circuit 443, and
a minl/min2 comparator circuit 445). Again, where a differ-
ent column weight is used, a difterent number of minl/min2
comparator circuits would be used.
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A variable node to check node soft data generator circuit
(V2C LLR) 471 provides a soft data message 473 to each of
minl/min2 comparator circuit 441, minl/min2 comparator
circuit 443, and minl/min2 comparator circuit 445. Minl/
min2 comparator circuit 441 compares a routed minl/min2
value from a routing matrix 451 (in some cases, routing
matrix 451 is a multiplexer circuit as are known in the art) to
yield an updated minl/min2 value 457; minl/min2 compara-
tor circuit 443 compares a routed minl/min2 value from a
routing matrix 453 (in some cases, routing matrix 453 is a
multiplexer circuit as are known in the art) to yield an updated
minl/min2 value 459; and minl/min2 comparator circuit 445
compares a routed minl/min2 value from a routing matrix
455 (in some cases, routing matrix 455 is a multiplexer circuit
as are known in the art) to yield an updated min1l/min2 value
467.

Minl/min2 value 457 is provided to a routing matrix 461
(in some cases, routing matrix 461 is a de-multiplexer circuit
as are known in the art); minl/min2 value 459 is provided to
a routing matrix 463 (in some cases, routing matrix 463 is a
de-multiplexer circuit as are known in the art); and minl/
min2 value 467 is provided to a routing matrix 465 (in some
cases, routing matrix 465 is a de-multiplexer circuit as are
known in the art). Routing matrix 461 distributes minl/min2
value 457 to a subset of row storage units (i.e., a minl/min2
411, aminl/min2 413, aminl/min2 415, aminl/min2 417, or
aminl/min2 419) corresponding to respective rows of twelve
row H-matrix 400 included within section 482. Of note, rout-
ing matrix 461 is able to distribute minl/min2 value 457 to
minl/min2 419 that corresponds to overlap 492. Said another
way, by only allowing one non-zero location per column
within section 482 plus overlap 492, routing matrix 461 is
only required to provide for selectable routing of minl/min2
value 457 to one of the five row storage units corresponding to
section 482 plus overlap 492. Similarly, routing matrix 463
distributes minl/min2 value 459 to a subset of row storage
units (i.e., minl/min2 417, min1/min2 419, amin1/min2 421,
a minl/min2 423, or a minl/min2 425) corresponding to
respective rows of twelve row H-matrix 400 included within
section 484. Of note, routing matrix 463 is able to distribute
minl/min2 value 459 to minl/min2 417 that corresponds to
overlap 492. Said another way, by only allowing one non-zero
location per column within section 484, routing matrix 463 is
only required to provide for selectable routing of minl/min2
value 459 to one of the four row storage units corresponding
to section 482 plus overlap 492. Similarly, routing matrix 465
distributes minl/min2 value 467 to a subset of row storage
units (i.e., a minl/min2 427, a min1/min2 429, a minl/min2
431, or aminl/min2 433) corresponding to respective rows of
twelve row H-matrix 400 included within section 486. Said
another way, by only allowing one non-zero location per
column within section 486, routing matrix 465 is only
required to provide for selectable routing of min1/min2 value
467 to one of the four row storage units corresponding to
section 486.

The outputs from minl/min2 411, minl/min2 413, minl/
min2 415, minl/min2 417, min1/min2 419 are only provided
to routing matrix 451 supporting section 482 plus overlap
492. The outputs from min1/min2 417, min1/min2 419, min1/
min2 421, minl/min2 423, and minl/min2 425 are only pro-
vided to routing matrix 453 supporting section 484 plus over-
lap 492. The outputs from minl/min2 427, minl/min2 429,
minl/min2 431, and minl/min2 433 are only provided to
routing matrix 455 supporting section 486. Such routing
allows for routing the respective minl/min2 values to minl/
min2 comparator circuits 441, 443, 445 depending upon the
zero locations in twelve row H-matrix 400 of FIG. 44. As is
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shown, such routing is greatly simplified compared to the
support required for the non-constrained H-matrix of FIG. 2aq,
but is more complicated than the H-matrix of FIG. 3a. The
increased complexity compared with the H-matrix of FIG. 3a
allows for a greater number of possible codes without render-
ing the layout too complex. Again, the tradeoft of overlaps
such as overlap 492 results in an increase in routing complex-
ity and a corresponding increase in code flexibility as the
amount of overlap is increased.

It should be noted that in any column where there are fewer
non-zero locations than that allowed by the column weight
(e.g., there are only two non-zero locations in a code having a
column weight of three), one or more of sections 482, 484,
486 will not have a non-zero location for that particular col-
umn. In such a circumstance, the corresponding minl/min2
comparator circuit 441, 443, 445 for the particular section is
not used (i.e., operation or computation is not performed by
that circuit for the particular column).

Turning to FIG. 64, an example H-matrix 600 using a
non-overlapping constraint that may be used to support a
particular variable coderate (i.e., a 14 row code rate) is shown
in accordance with one embodiment of the present invention.
H-matrix 600 has a column weight of three and does not
exhibit section overlap. As shown, H-matrix 600 includes
fourteen rows (i.e., rows 632, 634, 636, 638, 640, 642, 644,
646, 648, 650, 652, 654, 656, 658) and a number of columns
(not shown). As H-matrix 600 exhibits a column weight of
three, each of the columns includes at most three non-zero
(“NZ”) values with the other locations being occupied by
zeros (“Z”). H-matrix 600 is “constrained” as the non-zero
locations, while being limited to three per column, addition-
ally are limited to occurring such that at most there is one
non-zero location within each column passing through the
three sections 682, 684, 686 or bands. Each of the three
sections 682, 684, 686 corresponds to a respective minl/min2
comparator circuit within a data decoding circuit used to
process the codeword conforming to twelve row H-matrix
600. By limiting the occurrence of non-zero locations within
each of sections 682, 684, 686, variable rate coding is still
supportable but without the complex routing required in the
non-constrained example of FIG. 2a.

Turning to FIG. 65, an example H-matrix 601 using an
overlapping constraint that may be used to support the same
code rate (i.e., a 14 row code rate) as that of FIG. 64 is shown
in accordance with another embodiment of the present inven-
tion. H-matrix 601 has a column weight of three and does not
exhibit section overlap. As shown, H-matrix 601 includes
fourteen rows (i.e., rows 632, 634, 636, 638, 640, 642, 644,
646, 648, 650, 652, 654, 656, 658) and a number of columns
(not shown). As H-matrix 601 exhibits a column weight of
three, each of the columns includes at most three non-zero
(“NZ”) values with the other locations being occupied by
zeros (“Z”). H-matrix 601 is “constrained” as the non-zero
locations, while being limited to three per column, addition-
ally are limited to occurring such that at most there is one
non-zero location within each column passing through the
three sections 682, 684, 686, or overlap 692 where sections
682, 684 are allowed to overlap or overlap 694 where sections
684, 686 are allowed to overlap. Overlap 692 allows a non-
zero element within row 640 to be processed as part of either
section 682 or section 684. Similarly, overlap 694 allows a
non-zero element within row 650 to be processed as part of
either section 684 or section 686. Said another way, overlap
692 allows a non-zero element within row 640 to be processed
by either a minl/min2 comparator circuit associated with
section 682 or a minl/min2 comparator circuit associated
with section 684; and overlap 694 allows a non-zero element

20

25

30

35

40

45

50

55

60

65

14

within row 650 to be processed by either the minl/min2
comparator circuit associated with section 684 or a minl/
min2 comparator circuit associated with section 686.

Of note, both H-matrix 600 and H-matrix 601 support the
same code rate. While both H-matrix 600 and H-matrix 601
support the same code rate, overlap 692 and overlap 694 of
H-matrix 601 allows for more uniform row weight distribu-
tion with compared with that available using H-matrix 600. At
the same time, H-matrix 600 is more easily implemented due
to the low routing complexity compared with H-matrix 601
that involves greater routing complexity.

It should be noted that the various blocks discussed in the
above application may be implemented in integrated circuits
along with other functionality. Such integrated circuits may
include all of the functions of a given block, system or circuit,
ora subset of the block, system or circuit. Further, elements of
the blocks, systems or circuits may be implemented across
multiple integrated circuits. Such integrated circuits may be
any type of integrated circuit known in the art including, but
are not limited to, a monolithic integrated circuit, a flip chip
integrated circuit, a multichip module integrated circuit, and/
or a mixed signal integrated circuit. It should also be noted
that various functions of the blocks, systems or circuits dis-
cussed herein may be implemented in either software or firm-
ware. In some such cases, the entire system, block or circuit
may be implemented using its software or firmware equiva-
lent, albeit such a system would not be a circuit. In other
cases, the one part of a given system, block or circuit may be
implemented in software or firmware, while other parts are
implemented in hardware.

In conclusion, the invention provides novel systems,
devices, methods and arrangements for data processing.
While detailed descriptions of one or more embodiments of
the invention have been given above, various alternatives,
modifications, and equivalents will be apparent to those
skilled in the art without varying from the spirit of the inven-
tion. It should be noted that the decoding processes that are
discussed in some cases rely on storing data temporarily
where a sector failure occurs. Where insufficient memory
exists, it is possible to implement a re-read scenario to apply
the data processing relying on a cross codewords error cor-
rection codeword. Therefore, the above description should
not be taken as limiting the scope of the invention, which is
defined by the appended claims.

What is claimed is:

1. A data processing system, the system comprising:

a data decoder circuit including a first comparator circuit, a
second comparator circuit, a first set of row storage
units, a second set of row storage units, a first routing
circuit, and a second routing unit;

wherein the first set of row storage units includes at least
tWo row storage units;

wherein the second set of row storage units includes at least
two row storage units; and

wherein the first routing circuit is operable to route any one
of the outputs of only the first set of row storage units to
the first comparator circuit; and

wherein the second routing circuit is operable to route any
one of the outputs of only the second set of row storage
units to the second comparator circuit.

2. The data processing system of claim 1, wherein the data

decoder circuit further comprises:

athird routing circuit operable to route an output of the first
comparator circuit to only a subset of the first set of row
storage units; and
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a fourth routing circuit operable to route an output of the
second comparator circuit to only a subset of the second
set of row storage units.

3. The data processing system of claim 1, wherein the data
decoder circuit implements a low density parity check decod-
ing algorithm.

4. The data processing system of claim 1, wherein the data
decoding circuit complies with a constrained H-matrix hav-
ing at least a first section and a second section, wherein the
first section is processed by the first comparator circuit, and
wherein the second section is processed by the second com-
parator circuit.

5. The data processing system of claim 4, wherein at most
one non-zero location is allowed per each column of the
H-matrix in the first section, and at most one non-zero loca-
tion is allowed per each column of the H-matrix in the second
section.

6. The data processing system of claim 5, wherein the
H-matrix includes an overlap where at least one and less than
all of the row storage units of the at least three row storage
units in the first set of row storage units is also included in the
second set of row storage units.

7. The data processing system of claim 6, wherein the
overlap allows for increased row weight distribution in the
H-matrix.

8. The data processing system of claim 1, wherein none of
the at least three row storage units in the first set of row storage
units is included in the second set of row storage units.

9. The data processing system of claim 1, wherein the first
comparator circuit is operable to compare an output of one of
the first set of row storage units routed by the first routing
circuit with a received variable node to check node message;
and wherein the second comparator circuit is operable to
compare an output of one of the second set of row storage
units routed by the second routing circuit with the received
variable node to check node message.

10. The data processing system of claim 1, wherein the
system is implemented as part of an integrated circuit.

11. The data processing system of claim 1, wherein the
system is implemented as part of a storage device, and
wherein the storage device comprises:

a storage medium; and

a read/write head assembly disposed in relation to the
storage medium, wherein data processed by the data
decoder circuit is derived by sensing information stored
on the storage medium using the read/write head assem-
bly.

12. A method for data decoding, the method comprising:

receiving an encoded data set, wherein the encoded data set
conforms to a constrained H-matrix;

providing a data decoder circuit including a first compara-
tor circuit, a second comparator circuit, a first set of row
storage units, a second set of row storage units, a first
routing circuit, and a second routing unit, wherein the
first set of row storage units includes at least three row
storage units, wherein the second set of row storage units
includes at least three row storage units, wherein the first
routing circuit is operable to route any one of the outputs
of only the first set of row storage units to the first
comparator circuit, and

wherein the second routing circuit is operable to route any
one of the outputs of only the second set of row storage
units to the second comparator circuit; and
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applying a data decoding algorithm by the data decoder
circuit to the encoded data set to yield a decoded output.

13. The method of claim 12, wherein the data decoder
circuit further comprises:

athird routing circuit operable to route an output of the first
comparator circuit to only a subset of the first set of row
storage units; and

a fourth routing circuit operable to route an output of the
second comparator circuit to only a subset of the second
set of row storage units.

14. The method of claim 13, wherein the constrained
H-matrix has at least a first section and a second section,
wherein the first section is processed by the first comparator
circuit, and wherein the second section is processed by the
second comparator circuit.

15. The method of claim 14, wherein at most one non-zero
location is allowed per each column of the H-matrix in the
first section, and at most one non-zero location is allowed per
each column of the H-matrix in the second section.

16. The method of claim 15, wherein the H-matrix includes
an overlap where at least one and less than all of the row
storage units of the at least three row storage units in the first
set of row storage units is also included in the second set of
row storage units.

17. The method of claim 16, wherein the overlap allows for
increased row weight distribution in the H-matrix.

18. The method of claim 13, wherein none of the at least
three row storage units in the first set of row storage units is
included in the second set of row storage units.

19. The method of claim 13, wherein the first comparator
circuit is operable to compare an output of one of the first set
of row storage units routed by the first routing circuit with a
received variable node to check node message; and wherein
the second comparator circuit is operable to compare an out-
put of one of the second set of row storage units routed by the
second routing circuit with the received variable node to
check node message.

20. A data storage device, the storage device comprising:

a storage medium operable to store an encoded data set that
conforms to a constrained H-matrix;

a read/write head assembly disposed in relation to the
storage medium and operable to sense the encoded data
set as a data input;

a data decoder circuit operable to apply a data decoding
algorithm to a decoder input derived from the data input,
wherein the data decoder circuit includes: a first com-
parator circuit, a second comparator circuit, a first set of
row storage units, a second set of row storage units, a
first routing circuit, and a second routing unit;

wherein the first set of row storage units includes at least
three row storage units;

wherein the second set of row storage units includes at least
three row storage units;

wherein the first routing circuit is operable to route any one
of the outputs of only the first set of row storage units to
the first comparator circuit; and

wherein the second routing circuit is operable to route any
one of the outputs of only the second set of row storage
units to the second comparator circuit.
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